ABSTRACT: This paper reports a reduced-scale shake table test investigating the seismic response of a slurry wall. Soil-cement-bentonite (SCB), a common type of slurry wall, was evaluated in this research. A section of a slurry wall of 1.68 m long, 0.20 m wide, and 1.60 m tall was constructed and tested on a one-dimensional shake table. A 1.50 m × 1.87 m × 1.80 m box was anchored on the shake table and contained the slurry wall and the sandy soil that was compacted on both sides of the wall. The slurry wall and the confining soil were instrumented with accelerometers, linear variable differential transformers (LVDT), linear potentiometers, and dynamic soil stress gauges to respectively record the accelerations, vertical and horizontal deformations of the wall, and transient dynamic soil pressures on the wall during the simulated seismic excitations. Scaled 1989 Loma Prieta earthquake motions were simulated by the shake table. The testing was an improvement over previous testing by the authors and implemented flexible boundaries and dynamic scaling laws. The shake table tests provided a preliminary understanding of the seismic performances of the SCB slurry wall in levees and earth dams.
INTRODUCTION
Slurry cutoff walls are commonly used to provide impermeable barriers to seepage through or beneath levees to ensure levee safety. The common slurries that are used in the practice include the soil-bentonite (SB) slurry, cement-bentonite (CB) slurry and soil-cement-bentonite (SCB) slurry. Although slurry cutoff walls have been used in the U.S. for the past half a century and prove to be effective, their during-and postearthquake performances and conditions are largely unknown. For example, California's levee system is located in the most earthquake-prone region in the U.S., adjacent to the San Andreas Fault and other fault systems. The United States Geological Survey (USGS) estimated that a magnitude 6.7 earthquake will occur in the greater San Francisco Bay Area before the year 2032 with a 62% probability (USGS 2008) . Earthquake damage is especially magnified during wet seasons because of flooding potential. Preliminary results presented by the CALFED BayDelta Program (CALFED 2005) indicated that a large earthquake would not only cause widespread levee failures and island flooding but may also result in a multiyear disruption in the water supply and water quality. Although the threat is realistic and present, the Delta levees have not been tested under moderate to high seismic activity (CALFED 2000) . Due to the lack of historic damage and field and laboratory observations, the dynamic responses of the built infrastructures such as levees and slurry walls in an earthquake environment are not well understood. Even if a levee survives a seismic shaking, the slurry wall inside the levee could be damaged: micro and macro cracks can develop, large lateral deformation can occur, and permeability may significantly increase. The damaged slurry wall may no longer serve as a seepage barrier to existing piping channels, which may subsequently cause levee failure. Therefore, understanding the seismic responses of slurry walls will help the evaluation of their post-earthquake conditions, so that remediation measures can be taken.
Cut-off walls are 2-D, linear, underground structures, therefore the effects of soilstructure interaction are important. The soil-structure interactions include the dynamic soil pressures on slurry walls, the acceleration time histories of the confining soil and slurry walls, the lateral deformations of slurry walls with the seismic shaking, the possible resonance of slurry walls with the site excitations, and dynamic settlement of the confining soils and slurry walls. The seismic responses of CB and SCB slurry walls were preliminarily investigated by the authors using a 1-D shake table (Graham et al. 2012) . In that study, the boundary of the steel-framed box that contained the slurry wall and confining soil was rigid and did not simulate field condition; and the seismic stresses were not scaled based on dynamic scaling law. In this study, the boundaries and the dynamic scaling of the shake table excitations were addressed. The objective of this improved study over previous study is to quantify the soil-structure interactions of a slurry wall and provide laboratory data for future numerical model development.
MATERIALS AND METHODOLOGY
A section of slurry wall was constructed and tested on a shake table. The concept is illustrated in Figure 1 . Due to limitation of the physical model, vertial pressures cannot be applied to the confining soils adajcent to the slurry wall. Therefore, the model slurry wall can only simuate the top section of a slurry wall in the field condition. The shake table testing was not intended to be directly used to evaluate the performances of slurry walls under earthquakes in field conditions. Instead, the shake table results can be used to develop a numerical model that may be used to predict the field performances of slurry walls under earthquakes.
The shake table can simulate ground motions based on actual earthquake records. The dimensions of the shake table were 2.44 m × 2.13 m , and the load capacity was 177.9 kN . The table was driven in one-dimension by an actuator that provided 245 kN hydraulic fluid driving force through a maximum 25 cm displacement stroke. A steel-framed box, as shown in Figure 2 , was bolted on the shake table and had inside dimensions of 1.86 m long in the shaking direction, 1.68 m wide, and 1.83 m tall. Three walls of the box were made of 2.5 cm thick plywood and the fourth wall was made of 1.3 cm thick clear polycarbonate sheet, so that the construction and the segmental slurry wall responses during shake table testing can be visually observed. The stiffness of plywood or polycarbonate material was not included in the stiffness of the steel box system.
The dimensions of the slurry wall were 1.68 m long, 1.60 m tall, and 0.20 m wide. In this study, a soil-cement-bentonite (SCB) specimen was used. The SCB mixing ratios were obtained from a slurry wall construction company in California and are presented in Table 1 . After thorough mixing, the SCB slurry was poured in a formwork in the box. After four weeks of hardening, the formwork was removed, the instrumentations were installed, and a poorly graded sand backfill was placed on both sides of the wall. The sand backfill was compacted at 4% moisture content at 95% of its maximum dry density (based on the modified Proctor test). Figure 3 illustrates the detailed layout of the instrumentations. Three linear potentiometers were used to measure the transient horizontal deflections of the wall. The potentiometers were fixed on an inertial frame outside of the shake table. The vertical deformations of the slurry wall and the soil on both sides of the wall during the shaking were measured by LVDT's that were anchored on the shake table. The transient lateral soil pressures on the slurry wall were measured by dynamic soil pressure cells. The accelerations of the wall and confining soil at different elevations were measured by wire-free accelerometers. The wire-free accelerometers avoided the interferences that might be caused by a wire during the shaking. A timer was set in each accelerometer, and data recording (100 data per second) automatically started at a predetermined time when the shake table test was scheduled to run. The instrumentations were connected to the National Instrument™ data acquisition system that was located outside of the shake table. Figure 4 shows the instrumentation installation.
FIG 3. Instrumentation configuration FIG 4. Instrumentation installation Boundary Conditions
The rigid boundary of the steel-frame box did not represent the true boundary condition of the slurry wall and its surrounding soil. To address this boundary condition, spring-supported boards were installed at the bottom and on two sides of the box, as shown in Figure 3 . The idea was to create a flexible boundary that has the same dynamic stiffness of dense sand. Gazetas (1991) derived the dynamic stiffness of foundations embedded in homogeneous half-space:
where: K dynamic = dynamic stiffness, K static = static stiffness, and k(ω) = dynamic stiffness coefficient. In this research, the calculation of the dynamic stiffness is shown in Table 2 . The detailed approach is referred to Gazetas (1991) . (b). Calculation of dynamic stiffness of the bottom boundary (z direction) k z , using a 0 as 1.0 and the chart of Gazetas (1991) k z (ω) Heavy-duty compression springs in parallel were used to reach the required stiffness on the three boundaries. Each spring's stiffness coefficient is 1,386.5 N/mm, the free length is 100 mm, and the maximum travel distance is 20 mm. To simulate dense sand beneath the slurry wall and the confining soil, 187 springs were needed on each side of the box, and 126 springs were needed at the bottom. The total maximum weight of the slurry and sand backfill in the box is 89,000 N. At the maximum compression of 20 mm, the bottom spring-supported board can support 1,910,000 N, much more than the vertical load in the box. In the horizontal direction, if assuming a very large acceleration of 10 g, the horizontal inertia force would be 890,000 N; while the side spring-supported board at full compression of 20 mm can sustain 2,715,540 N, approximately three times of the inertia force. So the springs would not be fully compressed. To simulate the cyclic stress variation with depth, the vertical spring-supported board on each side consisted of three segments that can move freely relative to each other. In the spring panel design, the plywood panels were assumed to be rigid. To reduce the friction between the slurry wall and the front and back-sides of the walls of the box, smooth Plexiglas sheets were attached to the plywood walls of the box.
Dynamic Scaling Laws
Typical slurry walls in the field are 0.3 to 0.9 m wide; the depths may vary from 6 to 30 m. An average width of slurry walls of 0.6 m in the field can be assumed. The sectional slurry wall on the shake table was chosen to be 0.20 m wide and 1.60 m deep, so the dimensional scale was taken as 1:3. Dynamic scaling laws were applied to address the similitudes of the geometry, material properties, and loading. In this research, the dynamic scaling law followed the recommendations by Moncarz and Krawinkler (1981) . It is expressed as:
In a true replica model, the above scaling law is satisfied. But this scaling law poses one-but almost insurmountable-difficulty in the selection of a suitable model material. Based on the desire to use the same materials as in the prototype, the "adequate model" was used in this research. The adequate model assumes the stresses induced by gravity loads are small and may be negligible compared to the stress histories generated by seismic motions. So g in the above scaling law was replaced by a. With the same E and ρ in both model and prototype, the dynamic scaling law becomes:
(Dynamic scaling law for adequate model) (3)
When L r = 1:3, the acceleration induced by the shake table should be three times of the measured acceleration time-history in the field. The input acceleration-time history of the shake table was controlled by the MTS® system and can be defined by the user. It should be noted that the dynamic scaling law for adequate model, although the same as in centrifuge tests, is based on the assumption of negligible gravity field, while the centrifuge model fully satisfies the dynamic scaling law without assumptions. In this research, the horizontal seismic stress was higher than the gravitational stress; therefore, the dynamic scaling law for adequate model was adopted.
Selection of Input Seismic Excitations
In this research, the 1989 Loma Prieta earthquake (M = 7.1) was simulated, due to the earthquake's proximity to the Sacramento-San Joaquin Delta levees and the earthquake's well recorded time histories. The duration of the displacement-time history is 40 seconds. The earthquake's displacement-time history and accelerationtime history data were obtained from the Pacific Earthquake Engineering Research (PEER) Center Library of UC Berkeley and implemented into the input file to the MTS® control system of the shake table. Based on the dynamic scaling law and geometric scaling factor of 3:1 (prototype:model), the input accelerations to the model test were three times of the actually recorded accelerations in the field. Figure  5 shows the match of the displacement-time histories of the input file and the measured displacements (output) of the shake table during the 40-second shaking. Figure 6 shows the acceleration-time history of the measured accelerations of the box on the shake table during the 40-second shaking. The input files for both the displacements and accelerations were scaled up based on the dynamic scaling law. For example, the maximum horizontal acceleration in the field was measured to be 0.54 g, the maximum horizontal acceleration in the model test was 1.62 g, three times of the prototype value. 
RESULTS
Deflections for the top section of the wall are shown in Figure 7 . The maximum deflections of the bottom, middle, and top sections of the slurry wall were 6.27 mm, 9.55 mm, and 12.04 mm, respectively. 
FIG 7. Slurry wall horizontal deflections
Dynamic vertical deformations of the wall and soil backfill are shown in Figure 8 . Most of the intense shaking occurred within the first 10 seconds. The maximum vertical settlements of the soil on the left and right sides of the slurry wall were 12.65 mm and 10.80 mm, respectively. The maximum deformation of the slurry wall was 2.08 mm. In this shake table test, no apparent crack was observed in the post-shaking examination of the wall. Figure 9 shows the lateral earth pressures on the top and bottom sections of the slurry wall during the shaking. Table 3 shows the summary of the lateral pressures. Since the slurry wall was restrained from moving, at-rest lateral earth pressures were also calculated. The measured earth pressure on the top section of the slurry wall matched well with the calculated static at-rest earth pressure. However, the measured dynamic lateral earth pressure on the bottom section of the slurry wall was much higher than the calculated static at-rest earth pressure. The authors cannot explain the discrepancy; it is likely that the bottom dynamic soil pressure cell provided inaccurate readings. The maximum accelerations and time of occurrence of the slurry wall and confining soil are listed in Table 4 . The accelerometers are numbered and are shown in Figure  3 . The maximum acceleration of the shake table was 1.88 g, whereas the maximum acceleration of the input profile was 1.62 g. The data show increasing accelerations from bottom to top of the slurry wall and in the backfill. Vertical accelerations of the table were also recorded; the maximum was 0.10 g and occurred at 9.71 sec. 9.56 9.77 6.23 Note: Accelerometers # 1, 4, 5 were on the slurry wall; accelerometers # 2, 3, 6, 7 were in the soil; accelerometer #8 was on the shake table; accelerometer #9 was on the box.
CONCLUSIONS
This paper reported a reduced-scale shake table testing of soil-cement-bentonite slurry wall. The seismic excitations used the simulated 1989 Loma Prieta earthquake motions and were scaled based on the dynamic scaling law for adequate model. Spring-supported board was used to simulate the sand boundary. No apparent damage of the slurry wall was observed after the shaking. The slurry wall demonstrated increasing lateral deflections and accelerations from the bottom toward the top. Dynamic lateral pressure was higher at the bottom than the pressure at the top.
The shake table results are not intended to be directly used to evaluate the performances of slurry walls under earthquakes in field conditions. The validity of the spring-supported boundaries needs to be verified by numerical studies. Although a dynamic scaling law was used, the scaling should be verified by numerical analyses. The shake table results can be used to develop a numerical model that may be used to predict the field performances of slurry walls under earthquakes.
